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Abstract
Enhanced oil recovery is becoming common-
place in order to maximise recovery from oil-
fields. One of these methods, low-salinity en-
hanced oil recovery (EOR) has shown promise,
however the fundamental underlying chemistry
requires elucidating. Here, three mechanisms
proposed to account for low-salinity enhanced
oil recovery in sandstone reservoirs are in-
vestigated using molecular dynamic simula-
tions. The mechanisms probed are electric dou-
ble layer expansion, multicomponent ionic ex-
change and pH eﬀects arising at clay mineral
surfaces. Simulations of smectite basal planes
interacting with uncharged non-polar decane,
uncharged polar decanoic acid and charged Na-
decanoate model compounds are used to this
end. Various salt concentrations of NaCl are
modelled: 0%￿, 1%￿, 5%￿ and 35%￿ to deter-
mine the role of salinity upon the three sep-
arate mechanisms. Furthermore, the initial
oil/water-wetness of the clay surface is mod-
eled. Results show that electric double layer
expansion is not able to fully explain the ef-
fects of low-salinity enhanced oil recovery. The
pH surrounding a clays basal plane, and hence
the protonation and charge of acid molecules
is determined to be one of the dominant ef-
fects driving low-salinity EOR. Further, results
present that the presence of calcium cations
can drastically alter the oil wettability of a clay
⇤To whom correspondence should be addressed
mineral surface. Replacing all divalent cations
with monovalent cations through multicompo-
nent cation exchange dramatically increases the
water wettability of a clay surface, and will in-
crease EOR.
1 Introduction
In an age of increasing energy demand global
oil resources must be utilized as eﬃciently as
possible. Current primary and secondary oil
recovery methods may leave up to 65% of the
original oil in place (OOIP) within a reser-
voir.1 Growth in oil demand, oil price and age-
ing reservoirs are but a few reasons why com-
panies have been looking at diﬀerent methods
to optimize oil recovery rates within existing
assets over the past few decades. Such tech-
niques are referred to as enhanced oil recov-
ery; these include a wide variety of processes
such as steam injection, CO2 injection, in situ
combustion and chemical flooding. Since the
1990s an additional EOR method, injection of
low-salinity water, has been tested in both the
lab and the field, with promising results.2 Low-
salinity EOR could oﬀer many economical ben-
efits compared to other EOR methods as low-
salinity water can be produced on-site and does
not require the addition of specialty chemicals.
It has been established that the salinity and
saturation of connate water,3–5 the reservoir’s
initial wettability3 along with the presence of
clay minerals6,7 and polar oil components4 all
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play an important role on the degree to which
the injection of low-salinity water increases oil
production. Moreover, the presence of clay
minerals is seen to be a key requirement for
low-salinity EOR to operate.4,6–8 This is due
to the role that clays play in determining the
wettability state of a rock. Clay minerals and
quartz grains are widely present in the pores of
sandstone reservoirs, where they form surface
coatings. As such, clay surfaces are thought
to interact heavily with the polar components
of oil.4,9 Diﬀerent types of clay are present in
sandstone reservoirs, with the dominant clay
minerals being kaolinite, illite, smectite, illite-
smectite mixed layer clays and chlorite.10 Kaoli-
nite is considered as oil wetting while smec-
tite/chlorite surfaces are water wetting.11
To date, studies have proposed more than
17 separate mechanisms by which low-salinity
flooding can enhance oil recovery. These are ex-
plained in some detail in the recent review by
Sheng (2014).12 Nevertheless, a definitive con-
clusion as to which mechanism truly underpins
low-salinity enhanced oil recovery has yet to be
fully determined. In the present paper three of
the frequently cited mechanisms are tested at
the molecular level. They are: electric double
layer (EDL) expansion, multi-component ionic
exchange and pH level reactions.
The electric double layer is a description of
the electric field surrounding a charged colloid
particle, in this instance, a negatively charged
clay particle within a reservoir. A widely ac-
cepted model of a colloidal EDL is the Gouy-
Chapman-Stern double layer,13 whereby a por-
tion of the charge-balancing interlayer cations
are adsorbed to the clay, in what is known
as a Stern Layer, whilst the remaining cations
and anions create the traditional diﬀuse double
layer, see Figure 1.
The important relationship that dictates the
depth of the EDL, and hence the electric field
strength at a fixed point, can be predicted
by DLVO theory.13 According to DLVO the-
ory, a clay’s EDL expands as salinity decreases,
hence any positively charged molecule bound
to the clay surface will become more strongly
attracted to the clay surface, whilst negatively
charged molecules will become increasingly re-
Figure 1: The Gouy-Chapman-Stern model of
a clay’s electric double layer.
pelled by the charged clay’s surface.13 Further-
more, as the EDL of a clay expands, it becomes
more likely to interact with surrounding clay
particles, and bulk clay swelling can occur. It
is exactly this process that is proposed to cause
the release of fine clay particles, along with as-
sociated oil, in the fines migration theory of low-
salinity EOR.4,14
Multicomponent ionic exchange is another
theory proposed to explain the eﬀects of low-
salinity EOR.14 It is thought that there are
eight separate mechanisms through which oil
molecules can be bound to a clay surface,15
though only 4 of these mechanisms are believed
to be of importance to low-salinity EOR.14
These mechanisms are presented in Table 1 and
Figure 2.
Cation exchange is a mechanism whereby
positively charged organics ions, such as
amine/ammonium groups or heterocyclic rings
containing nitrogens, are able to replace the
inorganics cations that usually charge balance
a clay surface (Figure 2a). Ligand bridging is
a phenomenon where multivalent cations, for
example Ca2+ or Mg2+, form covalent bonds
between tetrahedral clay oxygen and, for ex-
ample, an oxygen atom on a charged organic
molecule present in oil (Figure 2b). Cation
bridging is an adsorption mechanism between
organic molecules ionically bonded to divalent
cations, part charge balancing the surface of
the clay (Figure 2c), it is a weaker bonding
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Table 1: The mechanisms of multicomponent ionic exchange.15 Mechanisms relevant
to EOR have been higlighted.14
Mechanism Organic functional group
Cation exchange Amino, ring NH, heterocyclic N (aromatic ring)
Cation bridging Carboxylate, amines, carbonyl, alcoholic OH
Ligand exchange Carboxylate
Water bridging Amino, Carboxylate, carbonyl, alcoholic OH
Anion exchange Carboxylate
Hydrogen bonding Amino, carbonyl, carboxyl, phenolic OH
Protonation Amino, heterocyclic N, carbonyl, carboxylate
Van der Waals interaction Uncharged organic units
(a) Cation exchange (b) Ligand exchange (c) Cation bridging (d) Water bridging
Figure 2: A schematic of the key bridging mechanisms influencing low-salinity EOR.
mechanism compared to ligand bridging. Fi-
nally, water bridging can occur if a strongly
solvated cation, for example Mg2+, is charge
balancing the clay. In this instance, the solva-
tion shell surrounding the Mg2+ ion, can order
such as to attract organics through a dipole-
dipole interaction (Figure 2d). It is hypoth-
esised that low-salinity EOR occurs because
the divalent cations that bridge the organic oil
molecule to the clay can be readily exchanged
by monovalent cations due to the expanded
electric double layer,14 thereby releasing the oil
molecules through disrupting ligand bridging,
cation bridging or water bridging.
To be more explicit, the mechanism lead-
ing to oil-cation-clay bridging between divalent
calcium and uncharged polar organic molecule
is referred to as cation-polar bridging in this
work. The bridging mechanism via calcium ion
and charged deprotonated acid is referred to as
cation-charged bridging.
Mechanisms leading to low-salinity EOR ow-
ing to pH eﬀects encompass a large range of ef-
fects that depend on the pH level of the system
surrounding the clay surface. It has been pro-
posed that the generation of surfactants from
crude oil components at elevated (i.e. alkaline)
pH levels alter the overall wettability of the
reservoir matrix.16 The concept has been fur-
ther developed, with the suggestion that the in-
jection of low-salinity water produced hydroxyl
ions from a clay-calcium site, following the equi-
librium reaction:14
Clay Ca2+ +H2O   *)  Clay H+ +Ca2+ +HO 
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Such a pH change would cause a low-salinity
flood to act like an alkaline flood, which has
been theorized to improve oil recovery rates.16
However, more recent studies dispel the hypoth-
esis of a low-salinity flood acting akin to an
alkaline flood.14 To date, the best low-salinity
water flooding results have been on crude oil
that possessed an acid number less than 0.05,
whilst an alkaline flood requires an acid num-
ber greater that 0.2.14 Furthermore, it has been
argued that the CO2 found inherently within
most reservoirs can act as a pH buﬀer in the
connate water, reducing the potential of large
pH fluctuations.14
A further pH dependent mechanism has been
proposed whereby the hydroxyl ion released
from a clay-calcium-water interaction is able to
interact with a polar oil compound. The free
hydroxyl ion interacts with a polar organic, for
example a carboxylic acid, and depending on
the pH level, deprotonates the organic, remov-
ing the hydrogen bonding mechanism tethering
the organic to the clay.8
Clay RCOOH+OH    *)  Clay + RCOO  +H2O
A key challenge arises owing to the prob-
lems associated with probing all these postu-
lated processes directly with molecular level in-
sight. This is a wider challenge, occuring in re-
lated areas of clay science and to address this,
computational chemistry simulations have be-
come an essential adjunct to laboratory experi-
mental methods for studying clay surfaces and
interlayers.
In recent times, quantum mechanical (QM)
simulations have become a useful tool to model
the interaction of simple organic molecules on
clays, for example the adsorption of monomers
on kaolinite surfaces17 amongst others.18,19
Such methods explicitly include electron inter-
actions, and are able to model reaction mecha-
nisms between clay, brine, organic and water.
However, the complexity of composition and
structure of most clay minerals and the sheer
number of interactions involved in low-salinity
EOR rule out the use of QM methods with
their restricted time- and length-scales in this
instance.
Atomistic molecular dynamics (MD) treat
atoms as spheres, intramolecularly bonded to
one another via a set of springs. This sim-
pler approach dramatically increases both the
length scale and time scale that can be simu-
lated. Indeed, classical MD is one of the key
techniques used to model clay systems in the
literature.20,21 The main disadvantage of classi-
cal MD simulations is the lack of bond break-
ing and bond formation, hence chemical reac-
tions are impossible to model using classical
MD without specialist forcefields.22
The aim of the present study is to model the
eﬀects of double layer expansion, multicompo-
nent ionic exchange, and pH levels on the ab-
sorption of organic oil molecules on smectite
clay basal surfaces as a function of salt con-
centration using atomistic MD. This present
study only considers clay basal surfaces, owing
to the challenge in modeling highly dynamic
and pH responsive clay edges using classical
MD. Clay minerals representative in terms of
structure, composition and charge density, of
smectite (montmorillonite) clay basal surfaces
in sandstone oil reservoirs were modelled. The
eﬀect of changing from monovalent to divalent
cation type, using Na+ and Ca2+, and varying
salinities from freshwater (0%￿, 0 parts NaCl
per 1000 H2O by weight) to seawater (35%￿)
on the adhesion of model oil molecules (includ-
ing non polar, polar neutral and polar charged
functional groups) to clay surfaces was stud-
ied. Both initially water-wet and initially oil-
wet systems have been modelled.
2 Methodology
2.1 Model Construction
The clay unit cell used in this study was a
Wyoming-like montmorillonite with stoichiom-
etry [Al3Mg1] [Si8O20] (OH)4 · nH2O. The oc-
tahedral layer of the clay contained one Mg
atom for every 3 Al atoms, whilst both tetra-
hedral layers contained no isomorphic substitu-
tions. The resulting unit cell, shown in Fig-
ure 3, possessed a single net negative charge,
which was subsequently balanced with interca-
lated Na+ or Ca2+ cations in the simulations
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Figure 3: The montmorillonite unit cell used in
this study. Colors as defined in section 2.5.
of Na-montmorillonite and Ca-montmorillonite
respectively.
Montmorillonite was deemed the most suit-
able 2:1 clay for this study due to its high
cation exchange capacity and its proposed role
in low-salinity enhanced oil recovery.10 In con-
trast, other clays commonly found in reser-
voirs, such as illites and kaolinites, possess a
lower CEC or are 1:1 non-swelling clays respec-
tively, and do not exemplify properties such
as cation exchange or double layer expansion.
The montmorillonite clay was constructed using
data readily available on the American miner-
alogist crystal structure database.23
The organic molecules considered in this
study were neutral non-polar decane (C10H22),
protonated polar neutral decanoic acid
(CH3(CH2)8COOH) and charged sodium de-
canoate Na+(CH3(CH2)8COO) . This set of
organics was ideal to highlight the eﬀects of
ionic exchange in low-salinity EOR. Addition-
ally, pH level eﬀects were modelled by alter-
ing the protonation state of the decanoic acid.
Basal {001} surfaces of montmorillonite (the
periodic models have no edge sites) are rela-
tively pH stable and unlikely to vary within
the pH range encountered within a typical oil
reservoir.24,25 All organic molecules used in this
study were created using the Avogadro molec-
ular editing suite.26
Periodically replicated supercells contained
one layer of montmorillonite composed of 84
unit cells (12 x 7 x 1), dimensions of approx-
imately 6 x 6 x 6 nm, and a d -spacing of ap-
proximately 5 nm. Montmorillonite structures
initially occupied the region 0 < z < 0.7 nm
in all models, and the clay position varied lit-
tle over all timescales modelled. Subsequently,
80 organic molecules of either decane, decanoic
acid or (Na)decanoate were inserted above the
single clay layer. The simulations of protonated
decanoic acid represented a pH level below the
pKa of decanoic acid (4.9)27 and were ideal to
probe cation-polar bridging eﬀects. Simulations
of deprotonated decanoate represented pH lev-
els greater than the pKa of decanoic acid and
were ideal to simulate the cation-charged bridg-
ing mechanism.
Initially water-wet simulations were gen-
erated by randomly dispersing the organic
molecules and ions within the interlayer and
subsequently solvating the system. To create
initially oil-wet conditions, the clay mineral
was fixed in place. The interlayer was ran-
domly dispersed with organics and ions, and
a subsequent MD simulation was run to allow
the organic molecules to equilibrate at the clay
surface. The system was subsequently solvated,
and the position restraints on the clay layers
relaxed. This process created ideal starting
configurations for both water-wet and oil-wet
clay surfaces, see Figures 4a and 4b respec-
tively.
The variations of initial configurations are
presented in Table 2. In total, 56 separate con-
figurations were set up and simulated.
2.2 Parameters
The ClayFF forcefield, specifically parameter-
ized to model clays and clay-like minerals, was
used to model the montmorillonite clay within
this study.28 The ClayFF force field is designed
such that the entire interactions within, and
structure of, the clay is described wholly by the
non-bonded Lennard-Jones and Coulomb po-
tentials (with the exception of hydroxyl groups
within the clay layer, however all hydrogen
bonds were constrained in this study).
The CHARMM36 forcefield was utilized to
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(a) Initially oil-wet NaMMT. (b) Initially water-wet NaMMT.
Figure 4: Snapshot of an initially oil-wet (left) and initially water-wet (right) NaMMT intercalated
with decane molecules, pre-production, water molecules not represented. Colors as defined in
section 2.5.
Table 2: The permutations of the initial conditions modelled within this study.
Variable Permutations
Clay Mineral NaMMT CaMMT
Intercalated Organic Decane Decanoic Acid Sodium Decanoate None
Starting configuration Oil-wet Water-wet
Salt concentration (NaCl) 0%￿ 1%￿ 5%￿ 35%￿
model the organic molecules interacting with
clay layers. This forcefield has been parame-
terized for organic systems, has proven to re-
produce physically accurate representations of
hydrocarbons and similar organics,29,30 and is
compatible with ClayFF.31
The TIP3P water model was used to simu-
late the water between clay layers. It has been
shown that this water model is consistent with
both ClayFF and CHARMM36 force fields.31
Lorentz-Berthelot mixing rules for van
der Waals interactions are utilised in both
CHARMM36 and ClayFF force fields, and have
been used here to model organic-brine-clay in-
teractions.
2.3 Simulation Details
All MD simulations were performed using
GROMACS version 4.6.532 with electrostatic
and the van der Waals cutoﬀ distances set to
1.2 nm.
Every simulation was initialized with an en-
ergy minimization run to reduce excessive forces
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on any one atom. This was accomplished using
a steepest descents algorithm, with convergence
achieved once the maximum force on any one
atom was less than 100 kJ mol 1 nm 1.
Subsequently, simulations were run for a 50 ps
equilibration period in the constant number of
particles, pressure and temperature (NPT) en-
semble with a velocity-rescale Berendsen ther-
mostat, temperature coupling constant set to
0.1 ps, and a semi-isotropic Berendsen baro-
stat, with pressure-coupling constant 1 ps.
The Berensden thermostat and barostat oﬀered
swift equilibration of the system, and conver-
gence was validated as the d -spacing and po-
tential energy converged.
Unless otherwise stated, equilibration was fol-
lowed by a 10 ns production run in the NPT
ensemble using a velocity-rescale thermostat,
with a temperature coupling constant of 1 ps,
and a semi-isotropic Parrinello-Rahman baro-
stat, with a pressure coupling constant of 1 ps.
All simulations were run at approximately am-
bient conditions, a pressure of 1 bar and a tem-
perature of 300 K. It was necessary to run sim-
ulations at ambient, rather than reservoir tem-
peratures, as the ClayFF force field has been
parameterized to model systems at room tem-
perature, and considerable validation would be
needed against, for example neutron scattering
data, to ensure it holds at high T and P, work
presently ongoing for future studies.
2.4 Analysis Techniques
Analysis of densities and electric potentials
across the interlayer of the clay were carried
out using the analysis tools within GROMACS
4.6.5. Cluster analysis was carried out using
VMD 1.9.1, with a cluster defined when two
organic molecules are within 3 Å of one other,
or when an organic molecule is within 3 Å of
previously defined cluster. The cutoﬀ distance
was set to 3 Å to exclude water molecules being
between two organics within any cluster.33
Divalent cation bridges were defined as any
divalent cation, i.e. Ca2+, within 5 Å of the
clay basal plane and within 3 Å of an organic
molecule. The 5 Å cutoﬀ between clay and
cation was determined using radial distribution
functions (RDFs) to include the cations con-
tained within the both the Stern layer and first
hydration layer of the clay surface. Again, the
3 Å cutoﬀ was determined to be the correct
length to exclude water molecules existing be-
tween organic and divalent cation.
2.5 Visualization
All snapshots were taken using VMD 1.9.1.34
All simulations contain a single clay layer,
which has been reproduced twice in all snap-
shots at the bottom and top of the figures. The
clay layers are identical and are periodic images
of one another. The color scheme of all snap-
shots are defined as follows. The clay struc-
ture contains silicon (yellow), oxygen (red), alu-
minum (blue), magnesium (pink) and hydrogen
(white) atoms. Organic molecules contain car-
bon (light blue), hydrogen (white) and oxygen
(red). Ions are represented as large spheres and
consist of sodium (blue), chlorine (red) and cal-
cium (green) atoms. Unless specified this color
scheme is kept consistent.
Density profiles between clay layers con-
tain organics (black), sodium (blue), calcium
(green) and chlorine (red).
Color schemes are presented in legends for all
figures for both dynamic cluster analysis and
cation bridging plots.
3 Results and Discussion
Unless otherwise stated, all data presented in
the following sections were averaged from the
last 5 ns of the 10 ns production simulation.
Section 3.1 discusses the potential role of dou-
ble layer expansion in low-salinity EOR via MD
simulations of charged smectite clays. Sections
3.2, 3.3 and 3.4 introduce organic oil molecules
and examine their interactions with water-wet
clay surfaces. Section 3.2 discusses non-polar
uncharged decane, section 3.3 regards polar un-
charged decanoic acid and section 3.4 regards
the interactions of charged Na-decanoate with
water-wet Na/CaMMT.
Section 3.5 discusses the key diﬀerences be-
tween initially oil-wet and water-wet simula-
7
tions of Na/CaMMT interacting with the com-
plete set of oil organic molecules. Section 3.6 in-
vestigates the properties of organic desorption
from CaMMT over extended production runs
up to 100 ns. Sections 3.7 and 3.8 regard the
dynamic properties of all simulations. Section
3.7 presents the rate of organic clustering and
section 3.8 presents the rate of change of diva-
lent cation bridges in the system as a function
of time and salt concentration.
3.1 Double Layer Eﬀects
To examine the eﬀects of salinity on dou-
ble layer expansion simulations were run
on NaMMT and CaMMT without organic
molecules at various brine strengths.
Figure 5a presents the electric field between
the surface of the clay and z = 2 nm averaged
over the last 5 ns of a 10 ns production run
as a function of salt concentration. Figure 5b
presents the electric field between the surface of
the clay and z = 2 nm for CaMMT as a func-
tion of salt concentration. Note that the electric
field strength presents identical trends for both
NaMMT and CaMMT in Figure 5. This sug-
gests that EDL expansion is not the key mecha-
nism driving divalent cation exchange, as dou-
ble layers should diﬀer between NaMMT and
CaMMT for ionic exchange to occur. Further-
more, both figures highlight several other im-
portant features.
Firstly, it can be noted that the electric field
generated by the clay is entirely nulled by the
charge of the ions in the double layer within 1.5
nm from the clay basal plane for both NaMMT
and CaMMT at all salt concentrations. Hence-
forth, the results presented in subsequent sec-
tions are to be considered as simulations of or-
ganic oil molecules interacting with two inde-
pendent clay basal planes, rather that organics
intercalated between two clay sheets.
Secondly, and more pertinently, there is no
correlation between double layer expansion and
salt concentration present in these simulations.
The results show no expansion of the EDL.
The results agree with several recent findings,
whereby a Stern layer of fixed cations charge
balance the clay, and the simulations refute
the double layer expansion hypothesis of low-
salinity EOR in this instance.35,36
DLVO theory states that for a suﬃciently
highly charged clay-like surface, a Stern layer of
immobile cations will be adsorbed to the clay,
and act as a buﬀer to cancel the charge of the
clay. The oscillatory nature of the electric field
presented in Figure 5 can be described in this
manner, whereby an immobile layer of cations
charge balanced the clay, followed sequentially
by a mobile layer of anions and cations.
3.2 Eﬀect of salinity on decane
The non-polar decane models in this study in-
clude partial charges on all carbons and hydro-
gens atoms and are expected to scarcely inter-
act with the clay. Previous work has shown
that decane molecules form organic aggregates
in brines of various strength.37
3.2.1 The interactions of decane with
initially water-wet NaMMT
Figure 6a presents the final snapshot of a
NaMMT simulation interacting with 80 decane
molecules at a salt concentration of 5%￿ NaCl.
The formation of organic aggregates is clear
in Figure 6a. The decane molecules coalesce
together and act independently of the charged
clay surface. This behaviour is not surprising,
it is energetically favourable for the hydropho-
bic hydrocarbons to aggregate and minimise
their surface interactions with the polar solvent
molecules.
Figure 7a presents the density profile of de-
cane molecules and salt ions across the clay in-
terlayer at varying salt concentrations. Note
the symmetry across the interlayer and the dis-
crete separation between the organic molecules
and the fully-solvated ions shielding the clay.
The organic molecules always form aggregates
between the clay layers independent of salin-
ity. The results show that non-polar uncharged
molecules do not interact with the silicate sur-
faces of the water-wet clay, in concordance with
previous experimental work, where the major-
ity of hydrocarbon-clay interactions occur on
hydroxyl clay surfaces.11
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(b) The electric field strength of Ca-MMT.
Figure 5: The variation in electric field strength, and hence electric double layers, generated by
NaMMT (left) and CaMMT (right) basal planes at various salinities. Colors as defined in legend.
3.2.2 The interactions of decane with
initially water-wet CaMMT
The introduction of calcium as the charge bal-
ancing cation of the clay does not aﬀect the ob-
served behaviour of intercalated decane, see the
density profile of CaMMT with decane, Figure
7b. The formation of organic aggregates can be
seen across all simulations of decane, under all
variations of brine strength and clay composi-
tion.
It is notable however, that the divalent cal-
cium cations are able to form a Stern layer at
the clay surface, whilst the sodium cations are
always fully hydrated, as can be seen from the
small peak of calcium ions adjacent to the clay
in Figure 7b. A Stern layer of calcium ions was
observed to form at all salt concentrations, and
suggests that the divalent cation bridging mech-
anisms may act, at least partially, independent
of the salt concentration. The results agree with
the conclusions of Bourg et al, that Stern layer
adsorption is independent of salinity, however,
the cited study found a preference for sodium
ions over calcium ions within the Stern layer.35
3.3 Eﬀects of salinity on decanoic
acid
The introduction of polar carboxylic functional
groups in the form of decanoic acid molecules
is expected to alter the behaviour of the clay-
organic interactions. Bulk decanoic acid in
brine forms micelles,37 however cation-polar
bridging events are expected to be seen in the
simulations of decanoic acid interacting with
smectite clays.
3.3.1 The interactions of decanoic acid
with initially water-wet NaMMT
Figure 6b presents the final snapshot of po-
lar uncharged decanoic acid in NaMMT with
a brine concentration of 5%￿ NaCl. The Fig-
ure shows that the polar uncharged organic
molecules form micelles between the clay lay-
ers, with the hydrophilic carboxylic functional
groups orientated on the external surface of the
micelle and the hydrophobic carbohydrate tails
minimising their contact with the polar water
molecules on the inside of the micelle. Once
again, the results show that the organic aggre-
gates, in this case micelles, do not interact with
the clay.
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(a) A snapshot of NaMMT interacting with decane
molecules.
(b) A snapshot of NaMMT interacting with decanoic
acid molecules.
Figure 6: Post-preduction snapshots of decane (left) and decanoic acid (right) interacting with
NaMMT modelled with 5%￿ NaCl after 10 ns. Both snapshots present to formation of organic
aggregates. Colors as defined in section 2.5.
 1
 2
 3
 4
 5
 0.01
 0.1
 1
 10
 100
 0
 50
 100
 150
 200
 250
 300
D
en
si
ty
 (k
g/m
3 )
z-Distance (nm)
Salt Concentration (ppt)
D
en
si
ty
 (k
g/m
3 )
(a) The density profile of NaMMT interacting with
decane.
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(b) The density profile of CaMMT interacting with
decane.
Figure 7: Density profiles of NaMMT (left) and CaMMT (right) interacting with decane at various
salinities averaged over the last 5 ns of a 10 ns production simulation. Colors as defined in section
2.5.
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3.3.2 The interactions of decanoic acid
with initially water-wet CaMMT
The introduction of calcium as the charge bal-
ancing cation of the clay does not aﬀect the
observed behaviour of decanoic acid interacting
with water-wet montmorillonite. The forma-
tion of micelles is observed in all simulations
of decanoic acid, under all variations of brine
strength and clay composition.
To summarise, the results present the for-
mation of micelles in the simulations of polar
decanoic acid interacting with both water-wet
NaMMT and water-wet CaMMT at all salin-
ities. For full listings of density profiles, see
supplementary information. Furthermore, sim-
ulations show a tendency for divalent calcium
cations to balance the charge of the clay and
form a Stern layer. This behaviour was ob-
served in all simulations of decane and decanoic
acid interacting with water-wet CaMMT, and
the behaviour is independent of salinity. The
results show that cation bridging between clay
and polar organic is not present in water-wet
clays. The importance of initially oil-wet clays
is paramount for the low-salinity EOR eﬀect, as
has been observed previously in experiments.3
3.4 Eﬀects of salinity on Na-
decanoate
The introduction of charged organic decanoate
molecules was expected to produce the most rel-
evant results to describe cation-charged bridg-
ing in low-salinity EOR. Interplay between
clays and the organic molecules were expected
to increase, as direct Coulomb forces are much
stronger than the dipole interactions between
polar organics.
3.4.1 The interactions of Na-Decanoate
with initially water-wet NaMMT
Figure 8a is an end-snapshot of a simulation of
NaMMT with 80 Na-decanoates at a salt con-
centration of 5%￿ NaCl.
Again, the aggregation of organic molecules
can be noted. The conglomerates are smaller
in comparison to the uncharged polar decanoic
acid molecules.
Furthermore, the distance between clay basal
plane and organic cluster is larger than that in
the previous examples of decane and decanoic
acid. This is due to the overwhelming interac-
tion between clay and organic being Coulomb
repulsive and the absence of mediating divalent
cations.
3.4.2 The interactions of Na-Decanoate
with initially water-wet CaMMT
The presence of divalent calcium cations intro-
duced several interesting features to the sim-
ulations. Figure 8b is an end-snapshot of a
simulation of CaMMT interacting with 80 Na-
decanoate molecules at a salt concentration of
5%￿ NaCl. It can be observed that the ma-
jority of sodium and calcium cations appear to
screen the charge of the clay from the organic
molecules.
Despite this shielding, there are features in-
dicative of cation-charged bridging present in
figure 8b. First, note the bridging between the
clay and organic molecules. See figure 9a for
magnified view.
The results show the capability for divalent
cations to bridge between like-charged clay lay-
ers and organic molecules. This is evidence that
cation-charged bridging can play a role in oil
recovery. However, the distribution of calcium
cations between clay layers does not fluctuate
as a function of salinity, see Figure 10. Salinity
does not aﬀect the amount of divalent cations
between water-wet clays and charged organics.
Hence, the cation-charged exchange mechanism
is independent of salinity for water-wet clays.
Figure 8b also presents divalent cation-
charged bridging between organic molecules
(see 9b for an enhanced snapshot). This indi-
cates that divalent cations within the interlayer
can link separate aggregates or micelles to one
another.
The density profiles present that the cation-
charged bridging mechanism for charged or-
ganics is independent of salinity for water-wet
clays. The snapshots show that cation-charged
bridging mechanism events can occur in the
simulations, however scarcely.
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(a) A snapshot of NaMMT with 80 Na-decanoate
molecules.
(b) A snapshot of CaMMT with 80 Na-decanoate
molecules.
Figure 8: Post-preduction snapshots of Na-decanoate interacting with NaMMT (left) and CaMMT
(right) modelled with 5%￿ NaCl after 10 ns. Colors as defined in section 2.5.
(a) Cation-charged bridging between clay and
charged Na-decanoate molecules.
(b) Cation-charged bridging between identical or-
ganic molecules.
Figure 9: Enhanced snapshots of Na-decanoate interacting with CaMMT, Figure 8b. Colors as
defined in section 2.5.
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(a) CaMMT interacting with decanoic acid.
Averaged between 5 ns and 10 ns.
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(b) CaMMT interacting with Na-decanoate.
Averaged between 5 ns and 10 ns.
 1
 2
 3
 4
 5
 0.01
 0.1
 1
 10
 100
 0
 50
 100
 150
 200
 250
 300
 350
 400
D
en
si
ty
 (k
g/m
3 )
z-Distance (nm)
Salt Concentration (ppt)
D
en
si
ty
 (k
g/m
3 )
(c) CaMMT interacting with decanoic acid.
Averaged between 15 ns and 20 ns.
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(d) CaMMT interacting with Na-decanoate.
Averaged between 45 ns and 50 ns.
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(e) CaMMT interacting with decanoic acid.
Averaged between 45 ns and 50 ns.
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(f) CaMMT interacting with Na-decanoate.
Averaged between 95 ns and 100 ns.
Figure 11: Density profiles of initially oil-wet CaMMT interacting with decanoic acid (left) and
Na-decanoate (right) at various salinities averaged over various times of the same production run.
Colors as defined in section 2.5.
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Figure 10: The density profile of CaMMT inter-
acting with 80 Na-decanoate molecules at vari-
ous salinities. Colors as defined in section 2.5.
3.5 Oil-wet vs. water-wet clays
To examine the diﬀerence between initially
water-wet and initially oil-wet clay basal planes,
the corresponding oil-wet systems were created
as described in Section 2.1. The following re-
sults are taken from the last 5 ns of a 10 ns
production run.
Initially oil-wet simulations of organics inter-
acting with NaMMT resulted in the formation
of organic aggregates between clay layers at all
salinities. Initially oil-wet clays behaved identi-
cally to water-wet clays in the absence of diva-
lent cations (see supplementary information).
Initially oil-wet simulations of decane inter-
acting with CaMMT resulted in the formation
of organic aggregates between the clay layers at
all salinities, showing that non-polar uncharged
organic molecules do not contribute to the wet-
tability of a clay surface.
Figures 11a and 11b presents the density pro-
files of decanoic acid and Na-decanoate between
CaMMT clay layers at various salinity levels.
Figure 11a presents the density profiles of de-
canoic acid molecules and ions between initially
oil-wet CaMMT layers. Note the widely vary-
ing density profiles of organic molecules as a
function brine concentration. The fresh water
system creates an almost homogenous distribu-
tion of organics, whilst the calcium ions shield
the charge of the clay. As the brine strength
is increased to 1%￿ and 5%￿ NaCl respectively,
the formation of organic aggregates on the clay
surface is seen.
Figure 11b presents the density profile of Na-
decanoate interacting with CaMMT at various
salt concentrations. The presence of charged
organics and divalent cations maintain the oil-
wet state of the system irrelevant of the salt
concentration. This highlights that the proto-
nation of the acids in the oil, and hence the pH
level surrounding the clay, plays a vital role in
low-salinity EOR.
3.6 Extended simulations initially
oil-wet CaMMT
The large discrepancy in density profiles of oil-
wet and water-wet charged organics interacting
with CaMMT suggested extended simulations
were warranted.
Figures 11c and 11e present the density pro-
files of polar decanoic acid averaged between
15 ns and 20 ns, and 45 ns and 50 ns of the
same production run respectively. The results
show that extending the simulation of decanoic
acid interacting with initially oil-wet CaMMT
to 50 ns reproduced organic aggregates between
clay layers. The final state of polar decanoic
acid interacting with CaMMT is independent
of salinity, however the dynamics of polar or-
ganic desorption appear to be salt dependent
(see the following sections 3.7 and 3.8).
Figures 11d and 11f present the density pro-
files of charged decanoate averaged between 45
ns and 50 ns, and 95 ns and 100 ns of the
same production run. Both figures show des-
orption of organics from one basal plane as diva-
lent cations are replaced by monovalent cations.
Again, it is concluded that the replacement of
divalent for monovalent cations and hence the
ionic content of a flood is more important than
its salinity.
To summarise, all initially oil-wet simulations
of NaMMT show desorption of organic matter
from the clay surface. Hence, replacing all the
divalent cations in the system with monovalent
cations will increase EOR eﬀects.
Negatively charged decanoate molecules will
remain adsorbed to a clay surface when a bridg-
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ing cation is present via the cation-charged
bridging mechanism. This eﬀect is independent
of salt concentration.
The results concord with the hypothesis that
the initial wetness of the reservoir matrix is
of importance to EOR,3 but also propose that
that the wettability of a reservoir is directly
aﬀected by its ionic content. Initially oil-wet
NaMMT becomes water-wet independent of the
organic molecule and salt concentration, whilst
initially oil-wet CaMMTmay remain oil-wet de-
pending upon the organics constituting the oil.
Further, the results suggests that the ionic con-
tent of a water-flood may be more important
that its salinity, flooding a field with mono-
valent ions will increase the wettability of the
reservoir matrix.
3.7 Dynamic clustering analysis
Clustering of organic molecules is observed in
all simulations to some extent. Clustering anal-
ysis over a simulations trajectory probes the dy-
namic eﬀects of this process.
Figure 12a shows the number of clusters in the
simulation of decanoic acid interacting with ini-
tially water-wet NaMMT as a function of time
and salt concentration. It can be seen that the
formation of micelles occurs on the nanoscale
independently of salinity. The noise at ap-
proximately 6 and 8 ns corresponds to a single
molecule breaking oﬀ of the dominant cluster
and instantaneously being reabsorbed into the
micelle.
The behaviour presented in Figure 12a is typ-
ical amongst all the initially water-wet simula-
tions of both NaMMT and CaMMT with all
three forms of organics.
Figure 12b presents the number of organic
clusters for initially water-wet NaMMT inter-
acting with Na-decanoate. In this system, the
organics form several separate clusters, rather
than one large aggregate, as is the case of
Na-decanoate interacting with CaMMT (sup-
plementary information). This is because the
charged decanoate molecules repel each other,
whilst in the water-wet CaMMT system, the
divalent cations can bridge the like-charged or-
ganics to one another.
Figure 12c presents the number of clusters
of polar decanoic acid interacting with initially
oil-wet NaMMT as a function of time and salt
concentration. The initial number of clusters in
this simulation is two, i.e. one cluster on each
of the modelled clay surfaces. As the simula-
tions progress, several organic molecules break
away from the oil-wet surface to create a new
separate cluster. This process continues, and
within 1 ns the maximum number of separate
clusters can be seen. After a nanosecond, the
separate clusters begin to coalesce, and any fur-
ther organics desorbed from the clay surface are
rapidly encompassed in one of the previously
existing clusters.
The only scenario where this behaviour is not
observed is for originally oil-wet simulations of
CaMMT interacting with charged decanoate,
Figure 12d. These systems remain oil-wet as
previously discussed, and the number of clus-
ters does not vary over the timescale modelled.
3.8 Dynamic divalent cation
bridge analysis
A divalent cation bridge is determined to be
any divalent cation that is within 5 Å of the
clay surface and within 3 Å of an organic oil
molecule, as discussed in analysis techniques,
section 2.4. This measure is a useful quantity
in determining the rate of organic desorption
from a clay surface, and is useful to determine
both the occurrence of divalent cation bridging
as well as its dependence on salt concentration.
Figure 13a presents the number of divalent
cation-polar bridges for the initially oil-wet sim-
ulation of CaMMT interacting with polar de-
canoic acid. Here, the number of cation bridges
decreases as the simulation progresses, and that
the diﬀerence between salinity levels is minimal.
At the end of all simulations the number of po-
tentially cation bridging cations has reduced to
near zero.
Figure 13b presents the number of divalent
cation-charged bridges for initially oil-wet sim-
ulations of CaMMT interacting with charged
Na-decanoates at various salt concentrations.
Note, the increased amount of bridges in this
system compared to the polar decanoic acid,
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(a) Initially water-wet NaMMT with decanoic acid.
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(b) Initially water-wet NaMMT with Na-decanoate.
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(c) Initially oil-wet NaMMT with decanoic acid.
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(d) Initially oil-wet CaMMT with Na-decanoate.
Figure 12: The number of cluster of a simulation as a function of time and salt concentration. See
legends for color scheme.
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(a) Initially oil-wet CaMMT with
decanoic acid.
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(b) Initially oil-wet CaMMT with
Na-Decanoiate.
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(c) Initially water-wet CaMMT
with Na-Decanoate.
Figure 13: The rate of change of potentially bridging divalent cations as a function of time and salt
concentration. See legends for color scheme.
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this is due to the charge of the organic. There is
a slight decrease in the total number of bridges
with time, however the number of cation-
charged bridges appears to converge to a non-
zero number during the simulation. Also note
the independence of salinity in cation-charged
bridging.
In general, all systems of CaMMT present a
decrease of divalent cation bridges with time,
and all are independent of interlayer salinity.
The amount of cation bridges in simulations of
oil wet CaMMT with decane decreases to zero
after 1 ns, decreases to zero after 10 ns for de-
canoic acid, and converges to a finite number
with decanoate.
Figure 13c shows the number of divalent
cation bridges for initially water-wet CaMMT
interacting with Na-decanoate. It can be
seen that there are intermittent cation-charged
bridging events occurring throughout the simu-
lation, however these events flitter in and out of
existence. The initial wettability of a clay ap-
pears to be an important factor for the cation-
charged bridging mechanism, as previously dis-
cussed.
4 Conclusions
The use of molecular dynamics simulations have
helped elucidate some of the key mechanism un-
derpinning low-salinity enhanced oil recovery.
The following are the key conclusions discerned
from the simulations of smectite clays with oil
organics as a function of salinity and initial clay
wetness.
Electric double layer expansion does not vary
with salinity, and is not a driving factor for low-
salinity EOR. Further work is required to in-
terpret the importance of pH on the eﬀective
charge of the clay basal plane.
All multicomponent ionic exchange mecha-
nisms proposed to aﬀect low-salinity EOR, fig-
ure 2, are independent of salt concentration and
hence cannot explain the eﬀects of low-salinity
EOR. Non-polar, uncharged organic molecules
do not interact with charged hydrated smec-
tite clay minerals to any extent. Polar, un-
charged molecules form micelles, and do not in-
teract with charged smectite clay surfaces pro-
fusely. Depending upon a clay’s initial wetta-
bility, charged organic molecules can interact
heavily with clay basal planes. For an initially
oil-wet clay, the cation bridging mechanism is
prevalent, whilst for an initially water-wet clay,
the cation bridging mechanism is absent. Wa-
ter bridging has not been observed in any sim-
ulation, however more densely charged divalent
cations, i.e. Mg2+, may be required to observe
such eﬀects. A Stern layer of unhydrated cal-
cium cations is observed in both oil-wet and
water-wet simulations of CaMMT. The amount
of unhydrated cations in the Stern layer is inde-
pendent of the salt concentration of the system,
and hence divalent cation bridging and ligand
bridging may occur independently of salt con-
centration.
The simulations present that, in the systems
studied, the key drivers of low-salinity EOR are
twofold.
One, the pH level surrounding the clay, and
hence the protonation and charge of organic oil
molecules. Cation-charged bridging is present
between oil-wet clay and organic, however di-
valent cation-polar bridging is not. A key ques-
tion arises in how the salt concentration sur-
rounding the clay surface might aﬀect the pro-
tonation of the polar acids within oil? Inves-
tigation of this mechanism would require QM
modelling.
Two, that the wettability of a clay is depen-
dent upon the charge balancing cation. The
simulations show that by replacing divalent cal-
cium ions with monovalent sodium cations will
increase clay water wetness, and improve oil re-
covery rates. The ionic content of a flood is
more important that the concentration.
The molecular level insight into clay organic
interactions occurring during EOR oﬀer hith-
erto unaccessed resolution. Future work shall
investigate the role of CaCl2 as well as NaCl
brine to further elucidate the eﬀect of monova-
lent vs divalent cations on the wetness of clays.
Highly hydrating cations, such as Mg2+ may
also be modelled to examine the full potential
of water bridging in EOR. The cation exchange
mechanism shall be investigated by modelling
positively charged organics (containing nitro-
17
gen in the functional group) and organics con-
taining aromatic rings. This shall determine
whether cation-⇡ interactions play any role in
low-salinity EOR. Further clay minerals found
at a higher abundance within reservoirs, such
as kaolinite and illite, shall also be modelled.
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The salt content of a water flood can dramatically alter the wettability of a reservoir
matrix. Increasing monovalent sodium content, whilst decreasing divalent calcium
content, has a marked effect on low-salinity EOR.
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